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 Detection of Nitric Oxide using 
on Nanotube Field-Effect Transistors
Oleksandr Kuzmych, M.S. 
University of Pittsburgh, 2007r detection of nitric oxide in gas phase is based on a combination of 
conductivity measurements using a chemically functionalized carbon 
sistor (NTFET) device. Gas mixtures containing nitric oxide (NO) are 
c converter (CrO3), which converts NO into nitrogen dioxide (NO2). 
 the surface of the NTFET sensor coated with poly(ethylene imine) 
as with a chemically functionalized NTFET results in a conductivity 
onal to the NO gas concentration. The wide range of NO gas 
oximately 2 ppb to 5 ppm was tested. The detection limit of NO has 
/N=3) in inert atmosphere at a fixed relative humidity (30%).  
carbon dioxide and oxygen was measured in the gas mixture, modeling 
 If CO2 is removed by means of an ascarite trap, the new method offers 
, compact size and simplicity of set up.  
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PART I 
NITRIC OXIDE GAS DETECTION IN HUMAN BREATH 
 
1. Background 
 
Nitric oxide (NO), an evanescent gas, present in the atmosphere for a long time 
has been of great environmental concern to scientific community.  Produced by car 
exhausts, it destroys ozone layer and is involved in acid rain chemistry.  However, it has 
recently been discovered to be an important biological mediator in animals and humans.  
Nitric oxide plays an extremely important role in lung function.  It is formed in lungs of 
mammals and can be detected in an exhaled air, as was first shown[1] by Gustafsson et al. 
Pulmonary NO, for which the endothelium and nerves are the main source, is 
involved in regulation of diameter of blood vessels, in neurotransmission and immunity 
mediation.  Different structural and inflammatory cells, such as eosinophils, epithelial 
cells and macrophages, however, produce NO for inflammatory response.  Epithelial 
generated NO, which is relevant to asthma, has been suggested[2] as a physiological 
defense against infection and could influence airway disease by its antimicrobial activity.  
There is a consensus among scientific community that exhaled NO level is markedly 
elevated in patients with asthma.[3]  In US only asthma is responsible for half a million of 
hospitalizations and 5,500 deaths per year.[3]  Therefore, a reliable, fast and inexpensive 
method of NO detection in clinical conditions is desired. 
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1.1 Role of Nitric Oxide in Lungs 
 
In the lungs NO is involved in regulation of diameter of blood vessels, in 
neurotransmission, as an agent of inflammation and immunity mediator.  It is also 
involved in the process of regulation of bacteria growth.  The endothelium and nerves are 
the main source of NO in the lung.  However, it is also produced in different structural 
and inflammatory cells.  The latter ones involved in asthma such as eosinophils, epithelial 
cells and macrophages.  Epithelial generated NO, which is relevant to asthma,[4] has been 
suggested as a physiological defense against infection and could influence airway disease 
by its antimicrobial activity.  
 
 
1.2 Physical and Chemical Properties of Nitric Oxide 
  
Chemistry of nitrogen oxides (NOx) is summarized in Appendix A. 
 
At room temperature nitric oxide is a colorless gas, which in the absence of oxygen 
dissolves in water.  It’s stable at low concentrations.  As it contains an odd number of 
electrons it’s considered a free radical having paramagnetic properties.  Thus it can react 
with a number of atoms and free radicals.  NO is oxidized by O2 to form nitrites and 
nitrates.  Superoxide anion forms peroxinitrite anion with NO, which reacts with 
biomolecules in vivo causing their nitrosation and peroxidation.  Nitric oxide has a large 
affinity towards Fe2+ moiety of haemoproteins forming nitrosyl products.  It is 3,000 
2 
times higher than that for oxygen.[5]  This property may be used for its measurement, 
taking into account shifts in the absobtion spectra.  Upon reaction with ozone nitric oxide 
generates a chemiluminescent product; hence another method of detection is possible.  
Diazotization of sulfanilic acid at PH<7 is catalyzed by NO, which can be used for in vivo 
measurements.  Nitric oxide is synthesized in cells by oxidation of L-arginine to NO and 
L-eitrulline.  The reaction is catalyzed by enzymes. 
 
 
1.3 Methods of Detection of Nitric Oxide 
 
Several classical methods for detection of nitric oxide, which are the most widely 
used, are described below.  
Amperometric detection is based on the fact that NO gas is readily oxidized when 
a pair of electrodes consisting of working and reference (usually Ag/AgCl) is immersed 
into a sample NO solution and a positive potential of 0.9 V is applied.  NO is oxidized at 
the working electrode surface resulting in the generation of a small redox current.  Nitrite 
is a final product of oxidation reaction and redox current is proportional to NO 
concentration in a solution.[6] 
Gas phase chemiluminescence detection of NO was developed in early 1970s for 
environmental monitoring.  The technique is based on the reaction of NO with ozone (O3) 
to produce nitrogen dioxide in the excited state.  As excitation quenches, a red photon is 
emitted which can be detected by photomultiplier with a cutoff filter.[7] 
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Fluorometric methods are very useful in bioimaging of NO.[8]  The fluorescence 
reagents mostly employ adjacent amino groups and exploit the ability of NO to produce 
N-nitrosating agents to form triazols.  For example, 2,3-diaminonaphthalene (DAN) may 
be used as a fluorescent indicator of NO formation.  DAN itself has a week fluorescence 
signal but in the presence of NO its intensity increases more than 100 times (λem= 415 
nm).  The detection limit of this method is below 50 nM. 
An example of diode laser measurement technique for NO detection was proposed 
by B.Oh.[9]  An antimonide laser operating at 2.65 µm was used to measure absorption 
lines of NO in the first overtone band.  An absorbtion feature was chosen so it does not 
interfere with water, thus selective detection of NO became possible.  The corresponding 
detection sensitivity of this method in air at reduced pressure is around 15 ppm with a 
signal to noise ratio of 2. 
 
1.4 Electrochemical Detection of Nitric Oxide 
 
This simple and inexpensive method is widely used and was chosen as a reference 
technique for comparison with carbon nanotube gas detection.  Electrochemical 
measurement offers a number of benefits: a) selectivity and specificity, resulting from 
applied potential; b) selectivity resulting from the choice of electrode material; c) high 
sensitivity and low detection limit; d) possibility of real time measurement; and e) small 
device size.  Voltammetric and amperometric NO detection is currently the only sensitive 
method to satisfy real time requirements, for analysis of different biological materials.  
As electrode processes are surface-dependent, the chemical information is directly 
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converted into an electric signal.  If the signal generated is linearly proportional to the 
concentration of a detected species, it can be used as analytical signal.  Differential pulse 
voltammetry is used in characterizing the properties of chemically modified electrodes 
toward NO oxidation and in kinetics studies.  Its use in biological applications, however, 
is limited due to strong loss of signal in the background.[7] 
In amperometry, both electrochemical oxidation and reduction can be used for 
detection of NO.  Carbon and noble metals are the most popular choices for working 
electrode materials,[10] whereas Ag/AgCl may be used as a reference electrode.  Some 
organic species (L-arginine, dopamine, uric acid) as well as nitrite ion (one of the 
products of NO oxidation) strongly interfere with NO detection due to similar oxidation 
potential.  In case of electro reductive detection of NO, with N2O and N2 being main 
products, oxygen appears to be the main factor of interference, since its reduction is 
thermodynamically more favorable.  Low sensitivity and strong pH dependence render 
this method less popular overall. 
For abovementioned reasons and in order to enhance selectivity and sensitivity, 
electrodes are usually modified by polymers with specific properties such as: redox, 
electronic conductivity and ion exchange.  It involves immobilization of chemical 
microstructure on a host electrode surface to perform a specific task: acceleration of 
electron-transfer reactions, preferential accumulation or selective membrane 
permeation.[11]  Moreover, several films of polymers can be combined on the same 
electrode to perform a specific task.  One of the most widely used methods for modifying 
electrode surface by polymer films has been electrochemical polymerization of a chosen 
monomer.  Galvanostatic, potentiostatic or cyclic voltammetry techniques are suitable for 
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this task.  Three main practical approaches in NO sensor design can be summarized as 
followed: 1) Clark’s type of a sensor with a gas permeable membrane such as 
chloroprene, nitrocellulose or silicon rubber; 2) direct coating of Nafion and cellulose on 
electrode surface or combination of NO-selective membrane and non-conducting 
polymer-modified electrode; 3) electrocatalytical oxidation of NO by modified layer such 
as IrO, palladium modified electrode or metalloporphyrin modified electrode.[2]  The 
major advantage of using amperometry is its short response time and ability to detect NO 
before it is consumed by other species.  In general, electrochemical NO sensors offer a 
detection limit in the vicinity of 1nM and a linear range up to 25 µM, depending on 
sensor used.  
To summarize, a number of chemical and physical methods exist today to 
measure NO concentration in various systems.[12]  They can be subdivided into 
electrochemical[13] and spectroscopic such as tunable laser absorption,[14,15] 
chemiluminescense,[16] fluorescence[17] and ESR.[18]  Most of these methods are not 
satisfactory for many applications because the systems are too large and complicated for 
real time in-vivo measurement or have low sensitivity.  On the other hand, 
nanotechnology has emerged as a promising tool for gas detection in the concentration 
range down to 10 parts per trillion (ppt).[19]  
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1.5 Gas Detection using Carbon Nanotubes  
 
Carbon nanotubes are hollow cylinders of carbon atoms, which depending on the 
number of graphite shells can be multi-walled (MWNTs) or single-walled (SWNTs) and 
can show different symmetry and diameter, which determines their semiconducting and 
metallic properties.  Since their discovery by Iijima in 1991 they have drawn a 
considerable amount of attention inside the research community.[20]  
Carbon nanotubes are atomically well-defined quasi one-dimensional systems 
which show unique mechanical, electronic and chemical properties that make them 
promising candidates for nanometer-scale electronic devices.  In SWNT all carbon atoms 
are located on the surface where current flows, making a stable conduction channel, 
which is extremely sensitive to a surrounding chemical environment.  From the point of 
view of sensor technology the most interesting property, however, is the ability of 
semiconducting SWNTs to change their conductance in response to absorption of 
different gases.[21]  The idea was successfully implemented in the production of SWNT 
based field-effect transistor (FET) device,[22] where a semiconducting SWNT is contacted 
by two metal electrodes representing the source (S) and the drain (D) with a Si back gate 
separated by a SiO2 insulating layer in a transistor-configured circuit.  Molecules of 
analyte gas can adsorb on the nanotube channel that is open to the environment.  Thus, a 
change in conductance is monitored versus time or applied gate voltage.  In practice, 
using methods of photolithography and metal deposition, several micron-size 
interdigitated NTFET devices can be prepared on a single chip, where the conduction 
channel is a random network of a mixture of semiconducing and metallic nanotubes 
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grown on a substrate by catalytic chemical vapor deposition (CVD).  Being extremely 
sensitive, such a device, however, lacks selectivity. In order to make a device selective to 
either NO2 or NH3 gases, a method of non-covalent modification of nanotube surface with 
polymer molecules has been successfully used.[23]  A combination of chemical functional 
groups which have a strong affinity to electron withdrawing species, such as NO2 on one 
polymer with a semi-permeable film on another, renders a truly selective chemical 
response.  In  another example a combination of poly(ethyleneimine) PEI and starch on 
CNFET, the device is sensitive enough to detect from 500 ppm to 10% of CO2 gas in 
air.[24]  In order to detect CO2 gas in human breath, the same approach was used to 
develop a commercial real-time portable sensor.[25] 
The current invention is based on electronic detection using a carbon nanotube 
field effect transistor (NTFET) device, which was used for detection of such gases as 
NH3, NO2, [26], [27] CO, CO2, H2S, [28], [29] H2,[30] CH4,[31] and alcohol vapors.[32] 
 
 
1.6 Principles of Field-Effect Transistor Operation 
 
A field effect transistor has only two layers of semiconductor material, one on top 
of the other.  Electricity flows through one of the layers, called the channel.  A voltage 
connected to the other layer, called the gate, interferes with the current flowing in the 
channel.  Thus, the voltage connected to the gate controls the strength of the current in 
the channel (Figure1).  Chemical properties of semiconducting material of the channel 
determine the character of the device: if the dominant current carriers are electrons (n-
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doped Ge) it is classified as n-type.  In case these are holes, the device is classified as p-
type (p-doped Si, oxygen doped carbon nanotubes). 
 
 
Figure 1.  Architecture of Metal-Oxide-Semiconductor Field-Effect Transistor 
(MOSFET). Depletion layer in between two semiconductor layers creates a conduction 
channel of the transistor.  
 
1.7 Carbon nanotube field-effect transistor (NTFET) device 
 
 
In single-walled nanotubes (SWNT) all carbon atoms are located on the surface 
where current flows, making a stable conduction channel, which is extremely sensitive to 
a surrounding chemical environment.  It has an ability to change it’s conductance in 
response to absorption of different gases.  This idea is implemented in SWNT based 
field-effect transistor (FET) device, where a semiconducting SWNT or network of 
SWNTs is contacted by two metal electrodes representing the source (S) and the drain 
(D) with a Si back gate separated by a SiO2 and/or Si3N4 insulating layer in a FET-
configured circuit (Figure 2).  As an analyte comes into contact with the device surface, 
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SWNT conductance is modified to produce a detection signal.  The change in 
conductance is typically monitored versus time or applied gate voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Schematic drawing of carbon nanotube field transistor (NTFET). 
S D
SiO2
VSD
Si back gate
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 For the present work, CNFET devices manufactured by Nanomix Inc., Emeryville, 
California were used.  NTFET devices were prepared using consecutive chemical vapor 
deposition (CVD) and photolithography process as published elsewhere.[33]  Each Si die 
containing 10 NTFET devices was mounted on standard CERDIP electronic package 
with contact pins (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.  SEM picture of Si die containing 10 NTFET devices
(Nanomix, Inc) wire bonded to CERDIP electronic package. 11 
 2 EXPERIMENTAL SECTION 
 
2.1 Reagents 
 
 
Chromium trioxide (CrO3) (99.98% pure) and 1mm diameter borosilicate glass 
beads were purchased from Sigma Aldrich, St. Louis, MO.  Water-free 
poly(ethyleneimine) (PEI) with a typical Mw of 25,000 was also obtained from Aldrich. 
HPLC grade tetrohydrofuran (THF) was obtained from Spectrum Chemical, CA.   
 
 
 
 
 
 
 
 
 
 Figure 4.  Schematic diagram of gas detection setup. Gas mixtures containing NO and NO2 gases 
as well as CO2 and O2 contaminates in N2 environment pass through humidifier to adjust relative 
humidity (RH).The gas make-up (composition and concentration) is adjusted by three mass-flow 
controllers (FC).Gas mixtures can pass (a) through catalytic converter (CrO3) or (b) bypass 
directly to flow cell containing carbon nanotube field effect transistor (NTFET) device 
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For drop casting modification of CNFET device ~10-3 M solution of PEI in THF 
was used in all cases. 
Certified NO and NO2 gas mixtures in nitrogen with concentrations of 1 ppm 
(0.92 ppm actual) and 10 ppm, 10% gas mixture of CO2 in nitrogen, and pure nitrogen 
and oxygen gases were purchased from National Valley Gases, Inc., PA.  High purity 
dilution N2 from National Valley Gases, Inc., PA was used for all measurements. 
MFC (UNIT Instruments, Inc., MKS, Inc.) were controlled by house built 
electronics. Relative humidity (RH) of the gas mixtures was adjusted  by passing a stream 
of nitrogen over a saturated salt solution of LiCl in water (15-30% RH) or pure water 
(>80% RH) (Figure 4).  RH and temperature of gas mixture were measured using 
Sensirion sensor.  
 
2.2 NO Catalytic Conversion 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.  Schematic drawing of polymer coated NTFET device containing 
random network of SWNTs between gold source and drain electorodes on SiO2
substrate. 13 
 Chromium trioxide (CrO3) is used as an oxidizing agent to convert nitric oxide 
(NO) into nitrogen dioxide (NO2) in a gas phase.  (Chemistry of CrO3 is summarized in 
Appendix B).  Approximately 4g of CrO3 coated borosilicate glass beads with a diameter 
of 1mm were packed in a glass tubing 1 cm in diameter and 10 cm in length. Ends of 
tubing were closed with a glass wool.  The coated beads were prepared by immersion into 
an aqueous solution of CrO3 in water (1:5 wt) for 30 min.  After filtration on a glass filter 
the beads were dried in a vacuum oven with a temperature of 70˚C for two hours. 
 
In o
poly
mol 
 
 
 
 
 
 
 Figure 6.  Poly(ethyleneimine) chemical structure. 
 
2.3 Chip Surface Polymer Functionalization 
 
rder to make a device selective to NO2 gas, surface of the chip was coated with a 
-ethylenimine (PEI) polymer (Figures 5, 6).  Branched PEI polymer with an average 
ecular weight of 25000 kDa was used.  A single drop of 10-4 M solution of PEI in 
14 
tetrahydrofuran was drop casted on a CNFET device surface.  The device was dried for 
two hours in the fume- hood at the ambient temperature.  
 
3 RESULTS AND DISCUSSION 
 
 
The initial response to NO gas pulses (30s) passing over bare carbon nanotubes is 
shown in Figure 7A.  The calculated concentration is around 5 ppm.  After initial 500s a 
flow of gas is switched to the CrO3 catalytic converter which creates a visible increase in 
measured conductance.  Catalytic conversion was confirmed by experiments with NO 
and NO2 gases.  A comparison in response between 5 ppm nitrogen dioxide (red) and 
nitric oxide (green) for a typical bare CNFET device is shown in Figure 7B.  This 
suggests that a detection of nitrogen dioxide is preferable over pure NO as the last does 
not show any conductance change. 
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A 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 7.  Response of bare NTFET to gases.  (A) Source-drain conductance versus 
time for four short pulses of NO gas (~2ppm in N2) either bypassing or passing through 
catalytic converter (CrO3).  (B) Comparison of bare NTFET sensor response to 6 min 
pulses of NO and NO2 (both ~2ppm in N2). 16 
 Nitric oxide molecule apparently is not capable of transferring charge to a p-type 
carbon nanotube conducting channel effectively.  Thus the number of holes remains 
unchanged and as a result no conductance change is observed. 
Nitrogen dioxide, on the other hand, has strong electron withdrawing properties.  
By interacting with a carbon nanotube conducting channel, NO2 molecules are attracting 
the minority electron carriers.  The number of holes in the channel increases and as a 
result the conductance rise is observed.  
In order to improve sensor sensitivity, CNFET devices were functionalized with 
polymer layers.  PEI functionalization of the device surface changes the semiconducting 
characteristic of the CNFET from p-type to n-type (Figure 8) as was shown previously.[34] 
Bare nanotube devices in oxygen atmosphere typically show p-type behavior.  In 
degassed conditions there is equilibrium between a number of positively charged carbon 
atoms in the nanotube and a number of free electrons in the conducting channel.  Oxygen 
molecules act as a dopant in this case, by attracting some electrons thus removing them 
from a channel.  This creates a slight excess of holes over electrons and the overall semi- 
conducting characteristic of such carbon nanotubes becomes p-type. 
PEI polymer chains contain amino functionalities showing strong electron 
donating properties.  Apparently they introduce large excess of electrons into the 
nanotube conducting channel to the extent that they become dominant charge carriers.  
This explains well why an inversion of semiconducting type from p to n takes place.  An 
alternative explanation of conductance change lies in the fact that carbon nanotubes form 
a so called Schottky barriers on the interface with a metal electrode.[35]  As a result of a 
17 
molecular adsorption on a semiconductor (carbon nanotube)-metal (gold electrode) 
interface a metal work function changes which in turn modifies the height of a barrier that 
is  proportional to the conductance. 
 
A 
B Figure 8.  (A) Source-drain conductance versus applied gate voltage for bare and polymer 
coated NTFET used in this study. (Whereas bare NTFET is p-type, after PEI coating device 
behaves as n-type transistor).  (B) Scanning electon microscopy (SEM) image showing part of 
two interdigitated electorodes connecting SWNT network after coating with polymer.  18 
  
3.1 Sensor Dynamic Range 
 
As can be seen, conductance drops when a PEI-functionalized device is exposed  
B 
A   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 9.  Dynamic range of NO sensor based on bare and polymer coated NTFET 
devices: Conductance versus time dependence of bare (black trace) and PEI coated 
(red trace) NTFET devices exposed to six short NO gas pulses of various 
concentrations.  (A) Concentration range between 0.2 PPM and 5 PPM.  (B) NO 
concentrations between 0.02 PPM and 0.3 PPM. 19 
to series of concentrations of NO gas (Figures 9 A, B) that is passed through the catalyst 
converter (red). Also, in comparison with the bare device (black), the sensor response 
signal is higher and the recovery characteristics are better. A calibration curve in the 
concentration range between 20 ppbv and 300 ppbv is given for PEI functionalized and 
bare devices (Figure 10 A, B). 
In the case of PEI modified carbon nanotube FET, the dominant charge carriers 
are electrons. Nitrogen dioxide molecule may interact with a conductance channel of a 
nanotube when adsorbed on a nanotube wall (or in the direct vicinity of the wall) by 
attracting free electron charge carriers. This explains why conductance drops in the 
presence of NO2 for PEI coated device. 
Up to date, PEI-coated device shows an overall detection limit of around 5 ppbv in 
inert atmosphere with 15-30 % RH (Figure 11 A). For the bare device, however, the 
ultimate detection limit lies somewhere between 200 and 300 ppbv.  It was also noticed 
that after two weeks of sporadic exposure to analyte gas the response to the same 
concentration of gas decreases, which can be explained by some effect of degradation of 
the PEI polymer.  
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B alibration curve of PEI coated sensor in ppbv range. (A) Experimental calibration curve 
 by equation signal=0.09(1-exp(-0.054[NO])).  (B) Same dependence presented on 
hm scale 
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 3.2 Cross Sensitivity to Main Breath Components 
 
Cross sensitivity to CO2 and oxygen was also investigated.  The results for carbon 
dioxide (Figure11B) show that PEI-coated devices are cross-sensitive to CO2 in the range 
1-6% volume.  In the atmosphere of 6% CO2 detection of low concentrations of NO 
converted into NO2 becomes impossible.  Thus a scrubber for CO2 removal is needed. 
However, bare device does not respond to the same concentrations of CO2 (data not 
shown).  Oxygen on the other hand (~16 % volume), does not seem to prevent the 
detection of analyte gas in this concentration range (Figure 11 C).  
 
4 Conclusions 
 
Detection of NO using chemically functionalized carbon nanotubes has been 
demonstrated in the presented work.  It shows a high degree of sensitivity and selectivity 
towards NO/NO2 over oxygen.  Provided that CO2 is removed from the analyzed gas 
mixture by means of trap, the requirements for a human breath nitric oxide sensor could 
be met.  
22 
  
C 
B 
A 
 Figure 11.  Conductance versus time dependence of PEI coated NTFET device 
exposed to five short pulses of NO gas at concentration range between 2 PPB and 40 
ppb in (A) 100% nitrogen atmosphere, (B) 16% oxygen balanced with nitrogen, (C)
6% carbon dioxide and nitrogen 23 
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PART II 
Interactions of Carbon Nanotubes with Metalloporphyrins 
(Published in Kauffman, D. R.; Kuzmych, O.; Star, A. “Interactions between Single-
Walled Carbon Nanotubes and Tetraphenyl Metalloporphyrins: Correlation between 
Spectroscopic and FET Measurements”, J. Phys. Chem. C 2007, 111, 3539-3543).  
 
Porphyrins are an extensively studied group of organic molecules which 
importance as a biological agent and much interest has been generated in exploiting their 
natural biochemical behavior.[36,37]  Research into this rich field has produced 
developments such as gas[38,39,40,41] and electrochemical sensors,[42,43] and the design of 
integral components for solar energy conversion.[44]  Compared to porphyrin research the 
field of carbon nanotube chemistry is still in its infancy,[45] and much can be learned from 
coupling the well studied porphyrin to the relatively new nanotube systems.  Interest has 
been gaining in carbon nanotube research due, in part, to the carbon nanotube’s potential 
for such applications as molecular electronics,[46,47] sensing devices[48,49] and catalytic 
platforms,[50] to name a few.  Due to carbon nanotube’s environmentally sensitive 
electronic properties, which can be probed by various spectroscopic[51,52] and 
electronic[44,45,53,54,55] methods, they represent an ideal candidate for nano-scale devices 
for extremely sensitive applications.  Pairing the carbon nanotube with a system having 
photoactive properties, molecular selectivity, and electron donating characteristics invites 
the possibility for the development of ultra sensitive and compact devices for a host of 
energy conversion, analyte sensing, and catalytic capabilities on a truly molecular level.  
Studies have been conducted on the functionalization of single-walled carbon nanotubes 
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(SWNT) with porphyrin systems.[56,57]  Recently the interaction between SWNT and 
porphyrins has lead to the creation of supramolecular assemblies[58] and the study of light 
induced charge transfer[59] for applications in solar energy conversion systems.  In light of 
the budding interest in SWNT-porphyrin systems it is important to understand the result 
of the complexation between the two species in terms of the impact on the electronic 
structure of the newly formed complex.  Combining two techniques such as spectroscopy 
and NTFET transfer characteristic, i.e. the source-drain conductance dependence on gate 
voltage, G-VG response creates a powerful tool for probing SWNT electronic structure, 
and recently has been used independently to monitor DNA hybridization[60,61] and 
conformational changes[62] on the SWNT surface.  In this study we combine UV-Vis-NIR 
thin-film absorption spectroscopy and NTFET G-VG measurements to quantitatively 
address the electronic consequences of porphyrin complex formation on the SWNT 
electronic structure; specifically the lower energy first and second semiconducting 
valence bands.   
Purified SWNT (Carbon Solutions) were dispersed in DMF and sonicated for 
approximately 30 minutes until the solution became uniform in color, indicating good 
nanotube dispersion.  5,10,15,20-Tetraphenyl-21H,23H-porphine manganese(III) chloride 
(MnTPP), zinc(II) (ZnTPP), copper(II) (CuTPP), and cobalt(II) (CoTPP) tetraphenyl 
porphyrins (Sigma-Aldrich) were dissolved in DMF and introduced in excess to the 
SWNT solution.  An additional 5 minute sonication was conducted to ensure even 
distribution of SWNT and M-TPP and facilitate complex formation.  After stirring 
overnight the solution was filtered and rinsed with copious amounts of DMF, water and 
acetone to remove any free M-TPP, and dried in vacuum.  The dried SWNT/M-TPP 
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filtrate was redispersed in DMF by brief sonication and used for solution UV-Vis 
absorption spectroscopy or sprayed onto a heated quartz substrate with a commercial air 
brush (Iwata) to create SWNT/M-TPP thinfilms, which afterwards were dried under 
vacuum and used for spectroscopic measurements on a Lamda 900 UV-Vis-NIR 
spectrophotometer (Perkin Elmer).  NTFET devices were constructed as described 
elsewhere,[58] but briefly, SWNTs were grown via CVD process onto Si wafers and 
interdigitated gold electrodes were photolithographically patterned onto the SWNT 
network creating multiple devices on the Si chips.  For experiments, chips were wire-
bonded and packaged in a 40-pin CERamic Dual-Inline Package (CERDIP) and tested 
using a custom NTFET electronic test fixture.[58]  NTFET devices were complexed with 
M-TPP by dropcasting a small volume of metalloporphyrin solution (1 µL, 10-4 M in THF 
or DMF) onto the NT network and source-drain conductance versus gate voltage (G-VG) 
transistor characteristics were recorded. 
Figure 12A shows the UV-Vis-NIR spectra taken using thinfilms on a thin (~1 
mm) quartz substrate of pure SWNT and the SWNT/MnTPP complex, clearly showing 
the first two semiconducting and metallic electronic transitions, referred to as the S1, S2 
and M1 bands, respectively.  The origin and significance of SWNT transition bands is 
well described in the literature.[63,64,65]  The thin film absorption spectra reveal two 
interesting characteristics about the interaction between SWNT and the MnTPP.  First, a 
substantial redshift in the S1 absorption band can be seen.  Pure SWNT have a S1 
absorption band centered around 1845 nm, but upon complexation with MnTPP the S1 
band is shifted to 1895 nm, a 50 nm (16 meV) redshift.  In addition a redshift of 12 meV 
was seen in the S2 absorption band. Secondly, the M1 and S3 (not shown) were not shifted 
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by the addition of MnTPP.  Figure 12B shows the results of SWNT source-drain 
conductance versus gate voltage (G-VG) measurements of an unfunctionalized (blue) and 
MnTPP functionalized (red) NTFET.  Two important observations can be made from this 
data, the first being an obvious negative shift in the gate voltage of approximately 2.5 V.  
Secondly, no change in minimum conductance was seen beyond a positive gate voltage 
of 5.0 volts.  Each NTFET chip has several devices with different separations between 
interdigitated electrodes (pitch sizes) and different device areas.  It was found that shifts 
in gate voltage were consistent for all device geometries functionalized with the same M-
TPP.  Additionally, similar G-VG results were obtained with NTFET chips functionalized 
with M-TTP solutions made in DMF and THF.  The observed phenomenon is explained 
by an ability of porphyrines to donate electrons to partially filled S1 band of carbon 
nanotubes.  As M-TPP donates electronic density into the SWNT S1, the band gap will 
decrease (Figure 12), resulting in the observed S1 red-shift.  On the other hand, the 
electron donation from M-TPP would result in a decrease of the carrier concentration, 
and the negative gate voltage shifts in M-TPP-functionalized NTFETs G-VG transfer 
characteristics are in line with previous findings.[57] 
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 Figure 12: (A) Thinfilm UV-Vis-NIR absorption spectra of pure SWNT (blue) and SWNT-MnTPP 
(red) showing redshifts in the S1 and S2 nanotube absorption bands. (B) Conductance versus gate 
voltage (GVG) characteristics of bare (blue) and MnTPP functionalized (red) NTFET devices 
showing a negative shift in gate voltage (arrow) and no decrease in the minimum conductance 
region positive of 5.0 volts.  
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PART III 
 
ADSORPTION AND GEOMETRY OF THE 
CHEMISORBED BENZOATE 
SPECIES ON Cu (110) 
 
(Published in Lee, J.; Kuzmych, O.; Yates J. T. Jr. “Adsorption and Geometry of the 
chemisorbed Benzoate Species on Cu (110)”, Surf. Sci. 2005, 582, 117–124). 
 
INTRODUCTION 
 
The structure of adsorbed organic species is fundamentally important to many 
areas, including molecular electronics,[66] the formation of self assembled monolayers[67] 
and in organic chemistry on surfaces.[68]  These adsorbates form structures at low 
coverage which represent the fundamental bonding issues at work in chemisorption.  As 
coverage increases, intermolecular interactions cause modification of the structure of the 
adsorbate, and it is often observed that twisting and tilting of rigid organic ring structures 
takes place as these interactions build up.[69,70]  Carboxylic acids are known to 
deprotonate when chemisorbed on metal surfaces.[71,72,73,74]  Thus acetic acid on Cu (11 0) 
produces the acetate species which is known to be bound in a normal orientation to two 
close-packed Cu atoms on the surface with the plane of the carboxylate moiety being 
oriented parallel to the <110> azimuth.[75,76]  Studies of the adsorption of benzoic acid 
indicate that similar bonding of benzoate occurs on Cu(110) and STM studies show that a 
series of coverage-dependent ordered structures form as the coverage 
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increases.[75,77,78,79,80,81,82]  It appears that at 183 K and sub monolayer coverage, a mixture 
of lying-down and normally-oriented benzoate species coexist.[79]  A study of benzoic 
acid chemisorbed on Ni(110) indicates that the ring is rotated ±30º relative to the <110> 
azimuth, and is tilted ~30º with respect to the surface normal at saturation coverage. 
Benzoate is chemisorbed in different structures at lower coverages on Ni (110).[83]  On 
the TiO2 (110) surface, the benzoate species is bonded through the carboxyl group with 
the five-fold coordinate Ti4+ cations, and forms an ordered pseudo-(2x1) overlayer at a 
saturation coverage of 0.5 ML.[84]  A high resolution electron energy loss spectroscopy 
(HREELS) study of the adsorption of benzoic acid adsorbed on Na–Si(100)-(2x1) shows 
that benzoate is bonded in bidentate coordination at room temperature and in 
monodentate coordination on the clean Si(10 0) surface.[85]  In this paper, we have studied 
the adsorption of benzoic acid and the surface conformation of the benzoate species 
formed from benzoic acid on Cu(110).  This investigation is part of our effort to define 
the behavior of small chemisorbed molecules which can be used as models for more 
complex molecules that may be useful as molecular electronic devices. 
 
 
EXPERIMENTAL 
 
 
The experiments described in this work have been carried out in an ultrahigh 
vacuum system with a base pressure below 1x10-10 mbar, as described elsewhere.[76]  The 
Cu(110) single crystal was 10 mm in diameter and 2 mm thick, and could be cooled down 
31 
to 81 K and electrically heated to 900 K.  It was cleaned by Ar+ bombardment, followed 
by annealing in vacuum at 800 K.  The final Auger spectrum obtained with a PHI model 
10-155 CMA indicates that all impurities such as S and O are below the limits of 
detection. A sharp (1x1) low energy electron diffraction (LEED) pattern, characteristic of 
Cu (110), is routinely observed.  The electron stimulated desorption ion angular 
distribution (ESDIAD) method is the principal measurement technique employed here. 
The ESDIAD/LEED optics are described in a previous paper, and the TOF-
ESDIAD method, specifically separating H+ ions from others, is employed in these 
measurements.[86]  All ESDIAD patterns are compressed by the use of a +30 V crystal 
bias, except for the emission angle versus crystal bias measurements.  The incident 
electron beam energy is fixed at 180 eV.  A heated doser system was employed for 
exposing the crystal to gases with a low vapor pressure.[87]  The pressure in the UHV 
system rises by about 2 x 10-10 mbar during dosing. All exposures were carried out at a 
crystal temperature of 81 K.  Because the benzoic acid dissociates to form benzoate 
species in the first monolayer, we could not use temperature programmed desorption to 
observe the first stage of adsorption of benzoic acid up to the saturation coverage of 
benzoate.  Therefore, calibration of the relative coverages was carried out using the 
C(KLL) Auger intensity, and a linear plot of coverage versus exposure time was obtained 
below the saturated monolayer coverage as shown in Fig. 13.  At exposures longer than 
130 s, the desorption of undissociated benzoic acid occurs as shown in the inset to Fig. 
13.  Only a small effect on the C(KLL) intensity was induced by the electron beam of the 
Auger spectrometer as shown in Fig. 14.  A UTI 100C quadrupole mass spectrometer 
(QMS) was used for temperature programmed desorption (TPD) studies for benzoic acid.  
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It was shielded from the crystal by a grid biased at -75 V to eliminate spurious electron 
bombardment from the thermionic emitter in the mass spectrometer, which was 
separately shown to influence the TPD measurements slightly.  The electron ionization 
energy employed in the mass spectrometer 
 
 
 
 
 
Figure 13.  Development of the C(KLL) Auger feature versus exposure to benzoic acid 
from the heated doser source.  The end of the first monolayer of dissociative adsorption is 
indicated as condensed benzoic acid begins to be observed by thermal desorption (see 
insert).  
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Figure 14.  Study of the effect of electron bombardment on the C(KLL) Auger intensity, 
showing that AES may be used to measure the coverage.  Inset shows the Auger spectra 
for clean Cu(110) (dashed line) and for a saturated coverage of benzoate (solid line).  The 
initial magnitude of dc is assigned as 100.  The slight increase in dc is probably due to 
slow adsorption of benzoic acid from the background gas. 
 
 
was 70 eV.  The mass spectrometer fragment at 105 amu was used to monitor the thermal 
desorption of benzoic acid which represents the parent peak at 122 amu minus 17 amu 
(OH).  The benzoic acid as supplied was 99.5% pure (Aldrich).  We found that water is a 
major impurity when the benzoic acid is heated to 50 ºC to achieve the desired vapor 
pressure in the heated doser system, and further purification of the solid acid in a separate 
gas handling line was carried out with a turbomolecular pump and with molecular sieve 
material held in a trap between the sample bulb and the turbomolecular pump. 
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 RESULTS AND DISCUSSION 
 
 
Fig. 15 shows the TPD spectra of benzoic acid as a function of increasing 
exposure where just one benzoic acid desorption process can be observed, beginning near 
250 K. This desorption feature exhibits typical multilayer behavior as coverage increases, 
i.e., the leading edges coincide for different initial coverages.  This is due to the 
formation of the multilayer of intact benzoic acid and free-sublimation from the 
multilayer with zero-order desorption kinetics.  In the insert to Fig. 15, a leading-edge 
analysis of the multilayer benzoic acid desorption yields an activation energy of 
desorption of 91.5 ± 0.9 kJ/mol, which corresponds within experimental error to the 
sublimation enthalpy of solid benzoic acid (91.4 kJ/mol).[88]  We shall not be further 
concerned with the multilayer properties of condensed benzoic acid.  It is well known that 
various carboxylic acids on the Cu(11 0) surface form carboxylate species after 
adsorption at room temperature or after annealing the surface to higher temperatures.[72–
75]  This process occurs via O–H bond scission of the carboxylic acid [76] and it is known 
from photoelectron diffraction measurements that the resultant carboxylate species bonds 
via its O atoms to two close-packed Cu atoms.[77]  According to the studies mentioned, 
one can expect that there should be benzoate formation from the first monolayer of 
adsorbed benzoic acid upon heating.  The lack of a benzoate thermal desorption peak 
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Figure 15.  Thermal desorption of benzoic acid from Cu(110). Coverages: (a) 2.2 x 1014 
molecules/cm2; (b) 2.8x 1014 molecules/cm2; (c)3.5x 1014 molecules/cm2; (d) 4.3x 1014 
molecules/cm2; (e) 5.6x1014 molecules/cm2.  These coverages were estimated from 
separate AES measurements of the build up of the C(KLL) Auger intensity shown in Fig. 
13 combined with information from LEED measurements.[81]   The insert shows a plot of 
the kinetics of leading edge desorption of the benzoic acid from which the enthalpy of 
sublimation of the multilayer can be derived. 
 
is due to the fact that chemisorbed benzoate decomposes into other products and these 
studies will be presented in detail elsewhere. It is known for some chemisorbed aliphatic 
carboxylate species that there is a decomposition reaction at high temperature.[89,90,91]  
The desorption of benzoate species itself is highly improbable because the activation 
energy to break the two Cu–O bonds is very high.[92]  Both LEED and STM 
measurements suggest that the adsorption of benzoic acid results in a saturated benzoate 
layer with a (8x2) periodicity which corresponds to 0.25 ML.[81]  On this basis, for a 
saturated chemisorbed layer of benzoate, the coverage is 2.7x1014 molecules/cm2, i.e., 
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0.25 ML, based on the number of surface Cu atoms (1.1x1015 atoms/cm2) on the clean 
surface.  Fig. 16 shows a comparison of the thermal desorption behavior of benzoic acid 
with the H+-ESDIAD patterns being obtained after heating a multilayer/monolayer 
deposit to various temperatures.  In Fig. 16a, two desorption traces are superimposed.  
The 44 amu trace due to CO2 desorption occurs from the first monolayer of benzoate 
which decomposes above 500 K.  The 105 amu trace is due to undissociated benzoic acid 
in the second and higher layers as illustrated in Fig. 15. In Fig. 16b, the H+-ESDIAD 
patterns for benzoic acid adsorption to multilayer coverage is shown beginning at 81 K 
and continuing upward in temperature to 530 K.  The surface was cooled to 81 K before 
making the ESDIAD measurements in each case. Below about 300 K, the H+-ESDIAD 
patterns are intense and consist only of a broad normal H+ beam.  This type of pattern is 
often seen for organic molecules at high coverage and is thought to be due to a random 
distribution of H+ beam emission directions caused by random orientation of the 
adsorbate molecules. 
Above temperatures of about 300 K, a three beam H+-ESDIAD pattern begins to 
be observed after the multilayer of benzoic acid has been removed by heating.  This 
pattern, due to chemisorbed benzoate, becomes most sharply defined after heating to 510 
K, probably as a result of adsorbate ordering.  Above about 530 K, as decomposition of 
the benzoate occurs, the distinctive three-beam H+ pattern disappears.  The three-beam 
pattern exhibits a central H+ beam which is most intense. 
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Figure 16.  Development of H+- ESDIAD patterns upon heating revealing the normally-
oriented benzoate species above 300 K at 0.25 ML coverage.  Initial coverage = 5.6x1014 
molecules/cm2. 
 
 
The two ‘‘shoulder’’ beams are accurately aligned along the <110> crystal azimuth, 
indicating that the phenyl ring is aligned parallel to this direction at low coverages.  The 
central H+ beam exactly corresponds to the surface normal direction which indicates that 
the benzoate species adsorbs perpendicular to the surface.  No other heavier positive ion 
fragments of benzoate are observed, probably due to ion neutralization effects at the 
surface.  Fig. 17 shows a three-dimensional view of the three-beam H+-ESDIAD pattern 
as well as a section through the center of the pattern in a plane parallel to the <110> 
azimuth.  H+ desorption is observed from the 3-, 4-, and 5-positions on the phenyl ring.  
The three H+ beams have been deconvolved into three Gaussian peaks as shown.  The 
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relative integrated intensity of the H+ beams is I+(3, 5)/I+(4) ~ 0.4.  The polar angle of 
emission of the inclined H+ beams relative to the normal can be estimated from the 
measured ion emission angle versus the bias voltage of crystal.  This analysis is shown in 
Fig. 18, where the measured beam angles versus crystal bias voltage are plotted, and 
compared to the known ion-optical properties of the analyzer; the plot shows an 
extrapolation to zero bias, yielding the true ion emission angle of 53 ±1º corrected for the 
ion optics of the ESDIAD analyzer system.[93]  The estimated H+ kinetic energy which 
best fits the data is E+H = 1.1 eV; the TOF analysis of the H+ ion energy yields E+H = 1.2 
eV, in good agreement with the estimate from the ion-optical fit shown in Fig. 15.  In 
order to determine the C–H bond angles for the inclined C–H bonds in the 3- and 5-
positions on the benzoate species, the measured H+ ion emission angles must be corrected 
for final state effects involving charge neutralization and image potential effects, 
following the method of Miskovic et al.[94,95]  This correction amounts to +11º.  Thus the 
bond angle with respect to the normal for the C–H bonds at the 3- and 5-positions is 64º.  
This compares fairly well to the known angle between C–H bonds of 60º for the phenyl 
group.  Fig. 19 shows the structure of a chemisorbed benzoate species on Cu(110) as 
deduced from these studies at 0.25 ML coverage. 
The observation of the central H+ beam oriented normally to the Cu(110) surface 
indicates that the axis of the carboxylate species is oriented normally to the surface at 
saturation coverage used in this experiment.  This result is consistent with knowledge 
from other experiments.  For example, the acetate species has been found to be normally 
oriented on Cu(110) by several methods,[92] including ESDIAD.[76]  The orientation of 
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H+ beams from carbon atoms at the 3- and 5-positions on the phenyl ring further 
substantiates the normal orientation of the benzoate species.  In addition, since the H+ 
ions originating from the 3-, 4- and 5-C–H bonds are oriented in a plane parallel the 
<110> azimuth, this observation clearly shows that the plane of the molecule is parallel to 
the <110> azimuth on the surface and that two close-packed Cu atoms in the surface must 
bond to the O atoms of the carboxylate group, giving this molecular orientation.  The 
separation between the two close packed Cu atoms is 2.55Å, whereas the O–O separation 
in the unbonded carboxylate group in benzoate is 2.22 Å.[81]  The measured 
angle of 64º between corrected H+ emission direc- 
 
 
 
Figure 17. H+ ESDIAD patterns for benzoate on Cu(110). The image was taken after 
adsorption of a multilayer of benzoic acid and annealing the sample to 480 K to desorb 
the benzoic acid and to order the benzoate layer. 
 
 
 
40 
 
 
Figure 18. Measured H+ polar emission angle for the 3- and 5-positions of the 
chemisorbed benzoate species on Cu(110). The lines are computer simulations of an ion-
optical model for the ion emission angle as a function of crystal bias voltage. The error 
bars represent the errors in determining the angle between the H+ ion beams from the 3-, 
5- and 4-H+ position, using the Gaussian fitting function. 
 
tions in the 3, 5 and 4 positions differs by 4º from the known C–H bond directions in the 
phenyl group.  We believe this difference is due to our inability to exactly correct for the 
final state effect on the H+ ion beam directions using the method in Refs.[95, 96] 
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 SUMMARY 
 
 
The following results concerning the adsorption of benzoic acid and its 
decomposition to benzoate on Cu(110) has been obtained: 
1. Benzoic acid adsorbs into a multilayer on Cu(110).  Desorption via zero order kinetics 
occurs with an activation energy equal to the sublimation enthalpy of bulk benzoic acid. 
2. The first monolayer of benzoic acid dissociates below 300 K to benzoate species.[48] 
3. H+-ESDIAD studies of H+ ejection from the 3-, 4-, and 5-C–H bond position in 
chemisorbed benzoate yield 3 sharp beams aligned along the <110> azimuth.  The normal 
4-H+ beam 
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Figure 19. Structure of the chemisorbed benzoate species on Cu(110). The initial H+ 
emission angle is also indicated which is corrected for the neutralization and the image 
charge final state effects on H+ ions. Coverage = 0.25 ML. 
 
indicates that the principal axis of the benzoate species is oriented normally to the 
Cu(110) surface at 0.25 ML coverage. This implies that the benzoate species bonds to 2 
close packed Cu atom in the Cu(110) surface. 
4. The H+ ion emission angles from the 3- and 5- C–H positions are tilted 64º from the 
surface normal. An expected tilt angle of 60º suggests that corrections for final state 
effects on the escaping H+ ions may be slightly in error. 
5. ESD of H+ from the phenyl group of benzoate occurs yielding an H+ kinetic energy of 
1.1–1.2 eV. 
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Appendix A 
Nitrogen Oxides (NOx) Chemistry Overview 
 
Nitrogen reacts with oxygen to form several nitrogen oxides (NOx), in which 
nitrogen exhibits oxidation states from +1 to +5.  The following table lists all NOx 
compounds in a convenient single-page format.  
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Nitrous oxide (N2O) is a colorless gas with a mild, pleasing odor and sweet taste.  
It is broadly used as anesthetic gas, especially in dentistry, and is called laughing gas 
because of its intoxicating effect.  This gas has very small potential for oxidation of 
organic substances and strong reducing agents.  
 
Nitric oxide (NO) naturally forms during lightning storms when oxygen directly 
combines with nitrogen.  In industry it is produced by the reaction of dilute nitric acid 
with copper or catalytic oxidation of ammonia: 
 
3Cu + 8HNO3→ 3Cu (NO3)2 + 4H2O + 2NO 
 
 
Gaseous nitric oxide is the most thermally stable oxide of nitrogen and is also the 
simplest known thermally stable paramagnetic molecule – i.e., a molecule with an 
unpaired electron.  For this reason, NO can be detected using Electron Spin Resonance 
(ESR) spectroscopy method.  It is one of the environmental pollutants generated by 
internal-combustion engines, resulting from the reaction of nitrogen-containing 
compounds in fuel (mainly indoles, carbazoles, pyridines, and quinolines) and oxygen 
during the combustion process.  Pure NO can be obtained by aqueous 
 
2NaNO2 + 2NaI+ H2SO4 → I2 + 4 NaHSO4+2H2O+2NO 
 
or dry reactions. 
 
3KNO2 +KNO3 + Cr2O3→2K2CrO4 + NO 
 
Nitric oxide reacts instantly with oxygen: 
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2NO+O2→2NO2 
 
 
In general, it can be reduced to nitrous oxide or oxidized by strong agents such as F2, Cl2 
and Br2.  Nitric oxide is thermodynamically unstable at 25ºC and 1atm and under 
pressure readily decomposes in the range 30 to 50 ºC: 
 
3NO→N2O+NO2 
 
Because of one unpaired electron in an anti-bonding orbital, NO readily forms 
nitrosonium ion (NO+), which is stable and has a rich chemistry.  At room temperature 
nitric oxide is a colorless gas consisting of diatomic molecules.  However, because of the 
unpaired electron, two molecules can combine to form a dimer by coupling their unpaired 
electrons. 
 
2NO→ N2O2 
 
Thus, liquid nitric oxide is partially dimerized, and the solid consists solely of dimers.  
The solubility of NO in water at 0ºC is around 7.3 %.  When a mixture of equal parts of 
nitric oxide and nitrogen dioxide, NO2, is cooled to -21 C (-6 F), the gases form 
dinitrogen trioxide, a blue liquid consisting of N2O3 molecules.  This molecule exists only 
in the liquid and solid states.  When heated, it forms a mixture of NO and NO2.  Nitrogen 
dioxide is prepared commercially by oxidizing NO with air, but it can be prepared in the 
laboratory by heating the nitrate of a heavy metal, as in the following equation: 
 
2Pb (NO3)2 → 2PbO + 4NO2 + O2 
 
This method, however, does not give a high purity product. 
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Nitrogen dioxide (NO2) and dinitrogen tetroxide (N2O4) exist in a strongly 
temperature-dependent equilibrium: 
 
N2O4 ? 2NO2    K=1.4x10-5 mol dm -3 (303 K) 
 
 
The dimer is colorless where as the monomer is deep brown in color.  The thermal 
decomposition of NO2 starts at 150 ºC and is completed at 600ºC. 
 
2NO2 ? 2NO + O2 
 
 
The oxides are fairly strong oxidizing agents in aqueous solution and comparable in 
strength to bromine:  
 
N2O4 + 2H+ + 2e = 2HNO2    Eº=+1.07 V 
 
The gases are highly toxic and attack metals rapidly.  They react with water: 
 
2NO2+H2O→HNO3+ HNO2 (at low temp) 
 
 
NO2+H2O→HNO3+ NO (at high temp) 
 
Overall, in their chemical activity, the nitrogen oxides undergo extensive oxidation-
reduction reactions. 
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Appendix B 
Chromium Trioxide Catalyst Chemistry Overview 
 
Chromium trioxide (CrO3) is a substance where element chromium shows its 
highest oxidation state (+6).  The substance dissolves readily in water forming chromic 
acid H2CrO4,  
CrO3+H2O→ H2CrO4 
which can not be isolated as a pure substance and exists only in ionic form in water 
solution.  A pH-dependant equilibrium between chromates and dichromates is 
established: 
2CrO42-(yellow) +2H3O+ ? Cr2O72-(orange) +3H2O 
On the surface of solid chromium trioxide in the presence of water vapor, a liquid layer 
containing chromates is formed which gives it an orange/red color (Figure 20B).  It is 
A B 
Figure 20.  Color of chromium oxide catalyst depending on dominant 
state of oxidation. A: +3, B: +6   
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able to oxidize many organic and inorganic substances including nitric oxide (NO):  
CrO3+NO→ Cr2O3 + NO2 
The chromium trioxide gets reduced to Chromium (III) oxide which has a green/brown 
color (Figure 20A).  Nitric oxide gets reduced to nitrogen dioxide (NO2).  In the presence 
of air CrO3 acts as a true catalyst as the Cr2O3 gets oxidized back to +6 state: 
2Cr2O3+3O2 → 4CrO3 
It was experimentally established, however, that for small doses of nitric oxide (ppb) the 
catalyst remains active for relatively long time even in inert atmosphere. 
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